We present a microscopic approach for the coupling of cortical activity, as resulting from proper dipole currents of pyramidal neurons, to the electromagnetic field in extracellular fluid in presence of diffusion and Ohmic conduction. As a result, neural activity becomes represented by a continuous neural field equation, while an observation model for electric field potentials is obtained from the interaction of cortical dipole currents with charge density in non-resistive extracellular space as described by the Nernst-Planck equation.
One of the most important problems in the biophysics of neural systems is understanding the coupling of complex neural network dynamics to the electromagnetic field, that is macroscopically measurable (as a feedforward effect) as neural mass potentials, such as local field potential (LFP) or electroencephalogram (EEG). Feedback effects, on the other hand, have recently been demonstrated via experiments [1] . Thus a theoretical framework for describing that coupling -outlined in this RC -is mandatory in clinical, computational and cognitive neurosciences, e.g. for treatment of epilepsy [2, 3] or modeling cognition-related brain potentials [4] .
The generators of neural mass potentials are cortical pyramidal neurons (sketched in Fig. 1 ). They exhibit a long dendritic trunk separating mainly excitatory synapses at the apical dendritic tree from mainly inhibitory synapses at the basal dendritic tree. When both kinds of synapses are simultaneously active, inhibitory synapses generate current sources and excitatory synapses current sinks in extracellular space, causing the pyramidal cell to behave as a microscopic dipole surrounded by its characteristic electrical field, the dendritic field potential (DFP). The densely packed and parallel aligned pyramidal cells form a dipole layer whose superimposed currents give rise to LFP and EEG [5, 6] .
Neural mass potentials are most realistically simulated by means of compartmental models [7] . However, because compartmental models are computationally extremely expansive, large-scale neural networks preferentially employ point models, based either on conductance [8] or population models [9] , where mass potentials are estimated either through sums of postsynaptic potentials or postsynaptic currents.
Yet another difficulty is the coupling of the activity of discrete neural networks to the continuous electromagnetic field since neural network topology is not embedded into physical space as an underlying metric manifold. This problem could be avoided by continuous neural networks investigated in neural field theory (NFT) [3, [10] [11] [12] , and in fact, [12] gave first accounts for such couplings in NFT population models.
However, both approaches [12] are not concerned with microscopic pyramidal dipole currents. Furthermore, extracellular space was assumed to be purely resistive. On the other hand, recent research has revealed that diffusion currents, represented by their corresponding Warburg impedances [13] , cannot be neglected in extracellular space as they substantially contribute to the characteristic power spectra of neural mass potentials [14, 15] .
In this RC, we propose a theoretical framework for the microscopic coupling of continuous neural networks (i.e. neural fields) to the electromagnetic field, properly described by dipole currents of cortical pyramidal neurons and diffusion effects in extracellular space. As a starting point we use a reduced compartment model for a single pyramidal cell and derive the evolution law for the activity of a neural network. Additionally, we obtain an expression for the dipole current as an observation model. Performing the continuum limit for the network yields a neural field equation coupled to the Maxwell equations in extracellular fluid.
We consider N populations of neurons, arranged in layers Γ i (i = 1, . . . , N). Neurons in layers 1 to M should be excitatory, neurons in layers M + 1 to N should be inhibitory and layer one contains the cortical pyramidal cells. For a continuous neural network, this arrangement is described by the Amari equation [10] 
where τ i is the characteristic time constant of population i, u i (x, t) is the neural field activity in layer i at time t, w ik (x, x ′ ) is the synaptic weight kernel between sites x ∈ Γ i , x ′ ∈ Γ k , s i (t) is the postsynaptic impulse response function for layer i, and h i (x, t) is external input delivered to the neuron at x in layer Γ i . Wave-to-spike conversion is described by the
Herein, we derive an analogous equation for the neural field coupled to the electromagnetic field in extracellular space, where the input to layer one turns out as diffusion current h 1 =
−κAD E ∂ x ρ; with κ as some coupling constant, A the current cross section, D E Einstein's diffusion constant [16] , and ρ the extracellular charge density. This neural field equation will be complemented by an observation model for the extracellular dipole current and the resulting DFP.
We describe the ith cortical pyramidal neuron [ Fig. 1 ] via an electronic equivalent threecompartmental model Fig. 2 [17] , which is parsimonious to derive a scalar field: one compartment for the apical dendritic tree, another one for the basal dendritic tree, and the third for the axon hillock where membrane potential is converted into spike trains. The serial circuit consisting of a battery E M and a resistor R M denotes the Nernst resting potential and the leakage conductance of the membrane, respectively [18] . Finally, a gener- The circuit in Fig. 2 obeys the following equations:
Here, p is the number of excitatory and q is the number of inhibitory synapses connected to neuron i.
The circuit described by Eqs. (2 -7) shows that the neuron i is likely to fire when the excitatory synapses are activated. Then, the Hodgkin-Huxley current I 
From Eqs. (2), (6) and (8) we algebraically derive an equation for the extracellular current
where we have introduced the following parameters: time constants:
and
ik . By means of (10) we eliminate the temporal derivative in (9), yielding
with parametersw 
where s E|I i (t) are excitatory and inhibitory synaptic impulse response functions, respectively, and R j is the spike rate
Inserting (12) and (13) into (10) In a linear, isotropic medium, currents and gradients are all aligned parallel to the main dendritic trunk, indicated by the x-axis in Fig. 1 . Therefore, a one-dimensional analysis of neural electrodynamics is sufficient. As further simplification we consider currents of only one ionic species (sodium) here, by treating IPSC's as "sodium hole" currents in analogy to semiconductor physics. The total current through extracellular fluid is given by the Nernst-Planck equation [14, 17, 18] 
with Einstein's diffusion constant D E [16] , charge density ρ, conductivity σ and electric field E; the diffusion current in (14) , j D = −D E ∂ x ρ, replaces the input to the first layer of the Amari equation (1):
where δ 1,i = 1(0) if i = 1(i = 1) is the Kronecker symbol. Correspondingly, the continuum limit of Eq. (11) becomes
Moreover, the electric field E is given by the gradient of the DFP V , E = −∂ x V and the conductivity of the extracellular electrolyte relates to its mobility µ by σ = µρ [18] . In addition to the Nernst-Planck equation (14), we have the first Maxwell equation ∂ x (εE) = ρ, with permittivity ε, and the continuity equation ∂ x j + ∂ t ρ = 0 reflecting the conservation of charge as a result of the Maxwell equations. Computing the divergence of the Nernst-Planck equation (14) by taking the continuity equation into account, yields, after eliminating E by means of (14), ∂ x E by means of the first Maxwell equation and σ,
Finally, the DFP is obtained as a solution of (14),
Altogether, Eqs. (15) - (18) describe the coupling of a layered neural field to the electromagnetic field in extracellular space, where the pyramidal layer described by the Amari
